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Abstract
Effective treatment of chronic wounds is essential for the prevention of infection and scar tissue
formation, requiring a novel approach to address the limitations of existing options. This study
utilizes Calcium Chloride (CaCl,) crosslinked alginate, a common biomaterial widely used in
wound dressing, and UV activated Zinc Oxide (ZnQO) nanoparticles (NPs) for their potential
hydroxyl radical mediated antibacterial applications. ZnO NPs were synthesized by combustion
method from Zinc Nitrate Hexahydrate and Sucrose. Scanning Electron Microscopy (SEM) and
X-Ray Diffraction (XRD) characterization were used to verify composition and NP size.
Terephthalic Acid, used as a fluorescent probe, confirmed the generation of hydroxyl radicals
from the NPs. 3D printed lattice structures and manually cast structures were studied to compare
the mechanical properties and benefits of each. Swelling and degradation assays, as well as SEM
imaging revealed the greater structural integrity of the 3D printed structures, with an increased
porosity having potential to facilitate molecular exchange. In addition, the 3D printed ZnO NP
laden alginate scaffolds indicated increased moisture retention when compared to alginate only
structures using a humidity monitoring system. Antibacterial testing on Staphylococcus
epidermidis (S. epidermidis) suggests that both 0.5% and 1% ZnO concentrations have
antibacterial properties comparable to the commercially available antibiotic Erythromycin, while
a Live/Dead assay confirmed viability of fibroblasts on the scaffolds. Overall, this study explores
and validates the potential to develop a customizable, biocompatible, and antibacterial wound

healing patch.
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Chapter 1: Introduction

1.1 Biomaterials

Biomaterials can be defined as natural or synthetic materials which can interface with
biological systems. They can be utilized in tissue engineering to repair, replace, or influence
biological processes with a goal of regeneration. A major requirement of biomaterials is
biocompatibility in order to ensure the lack of an inflammatory response which could lead to
reduced healing or the body’s rejection of the material '.

1.1.1 Hydrogels

Hydrogels are common biomaterials characterized as 3D, crosslinked polymer networks.
They are known by their high water content and have diverse physical properties, allowing them
to be cast into almost any form and absorb thousands of times their weight, making them popular
in medicine 2 Their biomimicry of tissues and possession of versatile characteristics like porosity
and the ability to adhere cells makes them convenient for tissue engineering study °.
1.2 Clinical Background

Chronic wounds are identified as not being able to proceed through the natural stages of

wound healing, leading them to enter a state of inflammation that delays the healing process and
produces structurally compromised skin tissue. These wounds are commonly found in diabetic
patients and can be attributed to the high blood sugar levels that are found within these
individuals. These high levels increase inflammation and prevent nutrients from being properly
delivered to cells to provide the energy required for wound healing *. Additionally, the skin
requires water to remain structurally healthy and functional, but is unable to obtain it due to
glucose increasing the thickness of blood and blood vessels narrowing due to peripheral vascular

disease °. Such an environment is a haven for bacterial growth, not only obstructing the skin’s



ability to heal but worsening the tissue in such vulnerable conditions °. Thus, therapy directed at
chronic infections could reduce the progression of diabetic wounds and other related chronic
wounds.

Wound healing can usually be divided into stages as seen in Figure 1.1. The first to occur is
hemostasis (or bleeding phase), in which there occurs a fibrin plug and coagulation of blood at
the wound site. This is followed by the inflammatory step in which there is a debridement, along
with the recruitment of fibroblasts. In the third stage, proliferative, a proliferation of fibroblasts
takes place, along with stimulation of new blood vessels. The fourth and final phase is
remodeling. This culminates in healing of the epidermis and dermis layers over the course of a
few days or weeks >°. Chronic wounds, however, involve greater tissue damage leading to
delayed healing and possible formation of scar tissue after a state of continuous inflammation

and injury .

Fibroblast Fibroblasts Frg;sjhly healed
Macrophage proliferating sl
Blood clot Scab Subcutaneous fat Freshly healed

dermis

Blood vessel

Bleeding Inflammatory Proliferative = Remodeling

Figure 1.1: The four stages of wound healing, 1) Hemostasis, 2) Inflammation, 3) Proliferative,
4) Remodeling °.



In order to properly address wound healing, it is necessary to develop a product to
facilitate healing, acknowledging the advantages of existing treatments while combating their
limitations. Some solutions may have poor wound re-epithelialization, fluid loss control, or
functionality, while other therapies may extensively utilize antimicrobials which lead to
antibiotic resistance . Hydration is particularly essential in normal biological functions and
wounds, allowing for faster healing and re-epithelialization with cell proliferation and retention
of growth factors as well as lower chance of infection. Added benefits are reduced scarring and

pain perception. Figure 1.2 depicts the benefits of a hydrated environment for wounds °.

MOIST DRY

Weund Envirenment

Weund Envirenment

\/\/

dresslng =

exudate

enhanced impaired
ephithelialization ephithelialization

Figure 1.2: Comparison of a moist/hydrated and dry wound healing conditions °.



1.2.1 Alginate Hydrogels for Wound Healing

Hydrogels meet some of these needs and are conducive to healing with their matrices
trapping water to create a moist environment while still allowing gas diffusion. One such
hydrogel is alginic acid (alginate). Alginate based wound care has emerged in numerous studies
and in the commercial market indicating their appropriateness for use in wound management .
Properties such as biocompatibility, ability to retain moisture and reduce infection make alginate
suitable for these applications. Alginate is also readily available, being derived from brown algae
10 These intrinsic beneficial properties of alginate can be exploited in combination with those of

metal oxides to provide an even more advantageous wound healing scaffold.

1.2.2 Metal Oxide NPs for Wound Healing
Nanomaterials are materials of less than 100 nm in size. Metallic NPs such as ZnO NPs
are being increasingly studied and employed for wound healing applications (Table 1.1) as

reports have shown them to be some of the most antibacterial inorganic materials ®.

Table 1.1: Nanoparticles and their properties for wound healing *.

[ EVEE] Antibacterial Stimulation of Prevention of

Wound Healing Abnormal Scarring

Silver nanoparticles +
Gold nanoparticles + + Unknown

Zinc oxide nanoparticles + + Unknown

Composite nanoparticles Eg. chitosan
nanoparticles, nanocellulose



Metal oxide NPs antibacterial mechanism is thought to be size dependent, based on NP
diffusion through the cell membrane to cause damage to DNA (Figure 1.3) **. These NPs also
show generation of reactive oxygen species (ROS) such as hydroxyl radicals under UV
photocatalysis, which in turn can cause cell death ***2. For this study we decided to explore these
characteristics in a cheap, easy to manufacture ZnO NP, while using another metal oxide,

commercially obtained TiO, as a control.

—" Ros V

: Iy 700 ' 7 zOdiffssein N
ZnO —_— i > | the microbial
(Activated) HO 1 )
Py 2O N cel 4
p— . . ” o Ve 3
T 3 Zn0 nanoparticle ZnO nanoparticle L’ i A
; Cell | — mteract with +— accumulate in <« Cell damage '
b apoptosis biomolecules cytoplasm B .

-
........

Figure 1.3: Antibacterial mechanism of ZnO NPs, depicting ROS production under UV light and
NP diffusion .

1.3 3D Printing

Three-dimensional (3D) printing in the field of biomedical engineering has become
incredibly useful and rather common, encompassing a variety of printing technologies or
methods. One such method is extrusion printing, widely used in tissue engineering for the
production of devices and scaffolds. This can be defined as the extrusion or dispensing of
material also known an “ink” through a nozzle, often from a syringe *.

In extrusion printing, filaments of ink are deposited layer by layer as determined by a

computer model pattern. As such, an extruded object requires support to maintain its structure



and prevent collapse. This can be achieved through thixotropy, temperature control, or
crosslinking. In this study, we use a two-step chemical crosslinking mechanism to manipulate the
alginate for both optimal extrusion and maintenance of postextrusion structure **.

Structural fidelity can additionally be affected by the design of 3D printed structure.
Based on previous study of 3D designs in our lab, a lattice structure was chosen as the prime

model for this experiment due to its proven superiority *°.

1.3.1 Bioink Formulation

Although there exists many potential biomaterials, the successful development of a
bioink for 3D printing remains a challenge in some cases. Printable biomaterials must generally
meet certain requirements including but not limited to printability, biocompatibility, and

possession of appropriate mechanical properties .
1.4 Hypothesis

Despite the number of wound healing therapies in existence, there remain limitations such as
infection, scar tissue formation, and biofilm formation in the case of chronic wounds.
Antibacterial drug resistance continues to be a growing cause for restraints in therapy °.
Alternatives to antibiotics have yet to be fully explored. The use of a uniquely synthesized

alginate — ZnO NP wound healing template can address these issues.

1.5 Objective

The need for better options on the market for chronic wound healing continues. Both
alginate and ZnO NPs individually have properties making them appropriate for these

applications. Research will be conducted to validate the potential for a chronic wound healing

6



treatment composed of these materials. The morphological and mechanical properties of this
system are to be validated in multiple studies. The structural strength and integrity over time will
be assessed, along with the hydration retention abilities. The demonstration of antibacterial
properties and fibroblast compatibility will further support these attempts and allow for
comprehension of the effects of varying concentrations of ZnO NPs. Overall, this work seeks to
present an alginate-ZnO gel system, suitable for 3D printing to allow for customizability,

reproducibility, and efficiency in cost effective patient wound healing therapy.



Chapter 2: Materials and Methods
2.1 Materials

The Sucrose (C12H2,011) and Zinc Nitrate Hexahydrate (Zn(NO3),*6H,0) used for the
synthesis of ZnO NPs were obtained from Sigma- Aldrich Inc (St. Louis, MO). Medium
Viscosity Alginic Acid Sodium Salt ((CsH;07)A(CsH;O7)BNa) (alginate), Calcium Chloride
Dihydrate (CaCl*2H,0), Phosphate Buffered Saline (PBS,10X), Sodium Hydroxide (NaOH) and
Terephthalic Acid (CgHgO4) were all procured from Thermofisher Scientific (Waltham, MA).

For bacterial testing, Blood Agar (TSA w/ 5% Sheep Blood) plates, Escherichia coli
pellets, and Staphylococcus aureus KwikStik were also purchased from Thermofisher Sceintific
and Erythromycin Antibiotic Sensitivity Disks from Carolina Biological Supply (Burlington,
NC).

For cell culture, mitomycin-C treated STO (MITC-STO) fibroblast cells and 1%
Penicillin-Streptomycin were obtained from Millipore Sigma (Burlington, MA), Fetal Bovine
Serum (FBS) form Thermofisher Scientific, Dulbecco’s Modified Eagle’s Medium (DMEM)/
Nutrient Mixture F-12 Ham with 15 mM HEPES from ATCC (Manassas, VA). A
LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells was bought from Molecular

Probes (Eugene, OR).

2.2 Zinc Oxide Nanoparticles Synthesis and Characterization

The ZnO NPs used in this study were synthesized by combustion method by heating Zinc
Nitrate Hexahydrate (Zn(NOs),*6H,0) and Sucrose (C;2H2,04;) on a hot plate 16 To determine
and confirm NP size and composition, SEM and XRD characterization were conducted on the

synthesized NPs using published protocol '’. A terephthalic acid assay was used to assess their



hydroxyl radical generation capabilities '°. In addition, each of these tests were also done on
commercially obtained TiO, NPs to characterize this as a control for the ZnO NPs.

2.2.1 SEM

SEM (Hitachi 4800) in the secondary electron scattering mode was used to analyze the
microstructure of the NPs. To avoid charging effect, the samples were sputter-coated with gold,
prior to imaging. Size of the NPs was measured using ImageJ software.

2.2.2 XRD

The phase and crystal structure of the NPs were analyzed using the Rigaku Benchtop
powder X-ray diffractometer (Mini Flex 1) using Cu-Ka radiation (I=1.5418 A) at room
temperature. For all measurements the scan was carried out over an interval of 20°— 80° (2-7
range), step size of 0.02°, and a scan rate of 0.6°/min.. To determine the crystallite size the

Debye Scherrer Relation was used. The equation is given as:

D = (0.9)/(B cosB) --------- (1)

where D is the crystallite size, 2 (CuKa) — 1.5406 A, B is the full width at half maximum and 8 is
the diffraction angle.

2.2.3 Radical Generation Probe Test

Sodium chloride (NaCl) and terephthalic acid (CgHsO4) were combined
stoichiometrically to prepare a 5x10° M concentration Sodium Terephthalate (NaTA) solution.
5mg each of either ZnO or TiO, NPs were placed in wells with 1 mL of NaTa and placed on a
belly dancer (IBI Scientific, Dubuque, 1A, USA) for 10 minutes to react. The well plate was then
placed under a UV bulb (Uvitron UVA 600-Watt Halide Lamp, 365 nm) in the Intelliray 600 UV

chamber (Uvitron Intelliray 600 Curing Unit, West Springfield, MA) for 5 min at 100% intensity

9



for photocatalytic hydroxyl radical release. A fluorescent probe, 2-hydroxy terephthalate, was
formed by the reaction of NaTa and hydroxyl radicals, allowing for detection of the hydroxyl
radicals ***%. Black, clear-bottom 96 well microplates (Corning Inc., Corning NY) holding 100
ML samples were read in a Fluoroskan™ Microplate Fluorometer with Ascent™ Software (Thermo

Scientific) at 355 nm excitation and 444 nm emission wavelengths.

2.3 Scaffold Fabrication

2.3.1 Gel Preparation

In this study, four different alginate - NP concentrations (w/v) were used to determine
any thresholds or changes in effect. These groups were alginate only, alginate + 0.5% w/v ZnO,
alginate + 1% w/v ZnO, and alginate +1% w/v TiO,. To prepare the gels, a solution of 0.25 M
Calcium Chloride (CaCl,) crosslinker was made first by combining 254 mg of CaCl, Dihydrate
in 8 mL of deionized (DI) water. The components listed in Table 2.1 were then used to prepare
the alginate-NP gel solution in 50 mL centrifuge tubes. To maintain structural fidelity for
enhanced printability, the alginate was partially crosslinked by adding 100 pL of crosslinker per
mL of DI water along with the corresponding ZnO or TiO, NPs and alginate for each solution.
Immediately upon addition of alginate, the solution was vortexed to form a homogeneous
mixture. The gel mixtures were then loaded in 10 mL syringes (ThermoFisher Sci.) for 3D
bioprinting or manual casting, as necessary. These doses were determined based on guidance
from other published works, in which a range of ZnO NPs (0.05%-1% w/w) was evaluated and

displayed promising antimicrobial effects **%.

10



Table 2.1: Measured amounts of DI H,O, 0.25 M CacCl,, ZnO, TiO,, and alginate constituting the
formation of each gel sample, alginate, alginate + 0.5% ZnO, alginate + 1% ZnO,
and alginate + 1% TiO,.

Sample DIH,0(mL) 025MCaCl, (uL) ZnONPs(g) TiO,NPs(g) Alginate (g)

Alginate only

Alginate + 0.5% ZnO

Alginate + 1% ZnO

Alginate + 1% TiO,

2.3.2 3D Printed Gels

The syringes were fitted with 24-gauge steel tip needles (HUAHA, Amazon) and placed
in a 3D extrusion bioprinter (BioBot 1, Allevi, PA, USA; Cellink, MA, USA). SolidWorks was
used to design lattice cube and lattice cylinder STL files, which were modified and converted to
g-code using Repetier Host software, as needed for each experiment. 20-30 psi pressure was used
to print 3D lattice structures onto petri dishes, where they underwent a secondary crosslinking
with 100 pL of 0.25 M CaCl, for 20 minutes, followed by a PBS wash to remove any CaCl,
residue.

2.3.3 Manually Cast Gels

For cast gels, molds of 10 mm diameter and 2 mm depth were created according to
silicone putty product package instructions (EasyMold® Silicone Putty, Castin’ Craft®). The
gels were manually extruded through the 10 mL syringes into the molds. Once cast, they were

again crosslinked in 100 pL of 0.25 M CaCl, for 25 minutes and washed with PBS.
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2.4 SEM of Scaffolds

A comparison of the measurements of each pore within the 3D printed and manually cast
gels was obtained with cross-sectional images via SEM, as described in previously published
studies #*. Samples were crosslinked, placed in -80°C overnight, lyophilized, and sliced to reveal
a cross-sectional area. These sections were sputter-coated (Gatan Model 682 Precision etching
coating system, Pleasantown, CA, USA) with gold to avoid charging of particles and were then
viewed through the use of SEM (S-4800, Hitachi, Japan). Analysis of each sample’s average
pore diameter was performed through the Image J software.
2.5 XRD of Scaffolds

Gels were cast and crosslinked before drying at room temperature overnight. They were
then pulverized to powder and analyzed as described earlier by Rigaku Benchtop powder X-ray
diffractometer (Mini Flex II) with Cu-Ka radiation (1=1.5418 A) at room temperature. Scan
carried out over an interval of 20°— 80° (2-7 range), with step size of 0.02°, and a scan rate of
0.6°/min.
2.6 Swelling Assay

A swelling assay was conducted to analyze the swelling capacity of both the 3D printed
and manually cast gels *°. The structures were crosslinked and placed in a desiccator to dry. After
18 hr the samples were removed, weighed to find their dry weight (W), and placed in PBS to
swell. For the following 5 days, the samples were weighed (W) every 24 hr to track their solvent
uptake. The swelling ratio was then calculated using the following formula for degree of

swelling (Ds):

Ds = (Wt_Wo)/Wo """"" (2)
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2.7 Degradation

The bioprinted gels were additionally tracked over time to ascertain their physical
integrity and stability. Printed cylindrical disks of 6 mm diameter were placed in a well plate and
submerged in 500 uL of PBS. The gels were imaged every 24 hr over a period of 28 days.
2.8 Rheology

Rheological parameters of both the 3D printed and cast gels were analyzed via shear
rheometry. 8 mm diameter disks of 1 mm height were obtained by biopsy punch and placed in
1X PBS to swell to equilibrium. An AntonPaar MCR 101 rheometer (Anton-Paar, Graz, Austria)
with an 8-mm parallel plate geometry was used to conduct oscillatory shear stress analysis at 1%
linear viscoelastic strain (LVE) strain from 0.05-50 Hz. All moduli, along with complex
viscosity, are reported at 1.99 Hz.
2.9 Humidity Sensor

A system composed of an ELEGOO Uno R3 Board ATMega328P ATMEGA16U2
microcontroller, DHT 11 humidity and temperature sensor module, Adafruit MicroSD card
breakout board, and a LCD screen was set up to monitor moisture retention of the hydrogels.
Arduino software was used to program the system to take DHT11 module readings every 30
minutes and log them onto the SD card. To minimize outside air exposure, an isolated
environment was created by enclosing the sensor in a 35 mm petri dish. To match the dimensions
of the DHT11 humidity sensor, a 16 mm x 12 mm lattice sheet was printed for each gel type and
placed atop the sensor in the petri dish. The gel was further protected from exposure by wrapping
the dish in parafilm. The microcontroller was then connected and humidity and temperature
readings were measured and displayed on the LCD screen. The following equation was used to

evaluate the data based on relative humidity (RH) percentage recorded on the DHT11 module:
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RH(%) = (Density of water vapor/Density of water vapor at saturation) x 100% ---------- ?3)

Each hydrogel was monitored for 6 days. This study was conducted twice (n=2).
2.10 Antibacterial Testing
Two forms of bacterial testing were conducted to assess the antibacterial properties of the NP

laden gels. Erythromycin disks were used as a control to compare the antibacterial properties of
the gels to a widely used and effective antibiotic. Staphylococcus aureus (S. aureus), S.
epidermidis, and Escherichia coli (E. coli), were used to look at effectiveness on common gram
positive versus gram negative bacteria. All gels were autoclaved prior to being printed into 6 mm
disks and crosslinked with sterile filtered CaCls,.

2.10.1 Bacterial Plate Disk Diffusion

The first test was modeled after the Kirby Bauer disk diffusion susceptibility test. The
printed disks were placed in a well plate and exposed to UV for 5 minutes at 100% intensity in
the Intelliray 600. TSA Blood agar plates were spread with either E. coli (pellet) or S. aureus
(kwikstik). The gels were then placed on the agar plates so that each bacterial plate held one of
each of the samples in a quadrant. The erythromycin disks were placed in the center of each
plate. The plates were then placed in an incubator at 37°C. After 24 hours their disk diffusion
was noted by measuring the diameter of the clearance zone around each disk.

2.10.2 Bacterial Broth Optical Density

Further antibacterial testing was done with a bacterial broth test on S. epidermidis,
cultured in house, comparing UV exposed and unexposed gels. All printed gels were placed in
48 well microplates (Corning Inc., Corning NY) with 200 uL of nutrient broth pipetted into each

of the wells. One erythromycin disk placed within a well served as a control in each group. One
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plate was placed in the Intelliray 600 for 5 minutes at 100% intensity for UV exposure, while the
other plate was maintained in ambient light. To dilute the S. epidermidis, an inoculation loop was
used to transfer 10 puL of bacteria into 5 mL of nutrient broth. 400 pL of the bacterial broth was
then added to each well and the plates were incubated at 37°C for 24 hr. 100 pL of supernatant
from each sample was transferred to a clear 96 well plate (Corning Inc., Corning NY) at 24 hr
and 48 hr intervals after the initial incubation. The Molecular Devices VersaMax UV/Vis plate
reader with VersaMax SoftMax Pro® software (Molecular Devices, LLC. San Jose, CA) was
used to measure the optical density of the samples at 600 nm wavelength. This experiment was
repeated twice (n=2).
2.11 Cytocompatibility

To ensure cytocompatibility of the gels, MITC-STO fibroblast cells were cultured in
complete growth medium (CGM; DMEM/ Nutrient Mixture F-12 Ham with 15 mM HEPES),
with 12.5% fetal bovine serum and 1% penicillin-streptomycin added. Fibroblast cells were
seeded at a density of 2 x 10° cells/mL within a sterile 48-well plate. Autoclaved gels and sterile
filtered CaCl, were used to 3D print disks. These samples were placed in a 48-well microplate
with 200 pL DMEM and underwent 5 minutes of UV irradiation in the IntelliRay 600. The
samples were then transferred to their respective wells in the sterile well plate containing cells.
The plate included a control group with only cells, no gel samples, to observe general fibroblast
proliferation. To each well, 200 pL of DMEM was added, and the plate was incubated for 24 hr
(37°C, 5% CO;). A LIVE/DEAD (LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian
cells, Molecular Probes) assay was done to confirm cell viability. Imaging (ZEISS AxioPhot
Fluorescent Microscope, Germany) was performed to show the retention of viable (Calcein AM

stained) cells and the presence of dead (Ethidium Homodimer-1 stained) cells in each sample.
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Images were collected using ZEN digital imaging software and further analyzed through an
Image J digital imaging extension, F1JI. Particle analysis was done on masked images of Calcein
AM (green threshold) and Ethidium Homodimer-1 (red threshold) to measure the cells observed
in the respective wells of each gel group. The equation used to obtain the percentage of live or

dead cells is given as:

Number of Live or Dead Cells (%) = (Number of particles in green or red threshold

image/ Total number of particles in green and red threshold images) x 100 % ------- 4

This was determined from the average particle count of each sample (n = 2)

2.12 Statistical Analysis

All experiments were performed with sample groups of at least three repeats (n=3) unless
otherwise mentioned. Data are presented as the mean * standard deviation (SD). Two-way
ANOVA, followed by Tukey post-test for multiple comparisons, was performed to determine the

statistical significance between individual sample groups with significance set at p < 0.05.
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Chapter 3: Results
3.1 Nanoparticle Characterization
Image J measurements of the SEM micrographs (Figure 3.1A) of synthesized ZnO NPs
showed particles of 4-6 nm in size. Observation showed the particle to be spherical in shape and
uniform in size. The TiO, NPs, on the other hand, varied in shape and the particles had greater
range in size, being 7-23 nm (Figure 3.1B).

The X-R diffractograms seen in Figure 3.1C display the characteristic ZnO peaks
(JCPDS card No. 80-0075; a = 3.259A and ¢ = 5.209 A). The Debye Scherrer relation indicated
the crystallite size of the ZnO NPs to be 19 nm. Peaks typical of TiO, (JCPDS card No. 21-1272)
were observed in the TIO, NPs as seen in Figure 3.1D. The crystallite size of these NPs was

calculated to be 20nm.
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Figure 3.1: Nanoparticle Characterization. (A) SEM micrographs of ZnO NPs at different
magnifications. The inset shows the low magnification image of ZnO NPs. (B)
SEM micrographs of TiO, NPs at different magnifications. The inset shows the low
magnification image of TiO, NP. (C) XRD patterns of ZnO NPs prepared by one
pot synthesis. (D) XRD patterns of commercially procured TiO, NPs.

3.2 Hydroxyl Radical Generation

Confirmation of hydroxyl radical release upon UV irradiation of the NPs can be seen by
analyzing fluorescence emission as seen in Figure 3.2. The addition of NPs to NaTA resulted
in an emission much greater (p < 0.001) than when the NPs were added to DI water. Similarly,
emission from 5mM NaTA also remained low. Comparing the two NP-NaTA samples, little

difference (not statistically significant) was seen between the ZnO and TiO..
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Figure 3.2: Radical Generation Probe Assay. Chart comparing fluorescence emission of ZnO and
TiO, NPs in NaTA and DI H,O and negative control NaTA.

3.3 Morphological Characterization of Gel Scaffolds

The two methods of production are further explained in Figure 3.3 They showed clear
differences upon both gross morphological inspection (Figure 3.4) and SEM imaging (Figure
3.5) of the gels. The 3D printed gels showed the defined lines of the lattice structure (Figure
3.5A-D), while the manually cast had a smoother surface appearance (Figure 3.5E-H). SEM
images of the printed structures showed smaller and better distributed pores, whereas cast gels
had greater porosity and decreased uniformity in the morphology. The addition of NPs led to a
significant increase in pore diameter within the 3D printed alginate group (p < 0.002), but not to

the manually cast gel group (Figure 3.51).
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Mix equal parts of Component A (whita)
and Component B {purple) until it is
uniform in color

Press cylindrical object of 8 mm diameter
and 2 mm height into putty to form the
mold and leave to cure for 25 minutes
before removing the object from the putty.

=Slowly extrude gel from 10 mbL syringe into
the silicone mold.

=Llze spatula to ensure even surface of gel.

=Pipette 100 pL of CaCl, on surface of gel
and leave for 25 min to allow for 2
crosslinking.

Figure 3.3: Scaffold Fabrication (A) Process for casting gels using EasyMold Silicone Putty. (B)
Silicone mold for cast gels. (C) Lattice structure stl file image for 3D printed gel.

Alginate Alginate + 0.5% ZnO Alginate + 1% ZnO

3D Printed

Cast

Alginate + 1% TiO,

Figure 3.4: Gross Morphology (A-D) depict 3D printed lattice structures. (E-H) portray manually

cast structures.
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Figure 3.5: SEM Imaging and Analysis. Cross-sectional SEM imaging of (A-D) 3D printed gels

and (E-H) manually cast gels. (I) Graph depicting average pore diameters of both
3D printed and manually cast gels.
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XRD patterns of both the alginate only and the NP impregnated alginate can be seen in
Figure 3.6. While they all retain the amorphous halo pattern common in sodium alginate %, the
alginate + ZnO gels both show the added peaks typical of ZnO NPs. The alginate + 1% ZnO

shows the most prominent ZnO peaks.

g 1%Zn0 infused SA

b) 0.5%Zn0 infused SA
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Figure 3.6: XRD patterns of a) pure sodium alginate b) 0.5% and c¢) 1% ZnO NP infused sodium
alginate
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3.4 Swelling and Degradation

The swelling behavior of the manually cast and 3D bioprinted gels over a period of 5 days was
compared, as shown in Figure 3.7. Within the 3D printed group (Figure 3.7A), only TiO, showed
significantly smaller ratio in comparison to the alginate only and 0.5% ZnO samples (p < 0.05).
Among the manually cast sample group, however (Figure 3.7B), a significant difference was
observed in swelling ratios (p < 0.001). This shows a more consistent pattern of swelling over a
longer period of time among the 3D printed samples. Overall, the manually cast samples showed

a lesser degree of swelling than those bioprinted.
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Figure 3.7: Swelling and Degradation Assay (A) Swelling analysis of 3D printed gels over a 5
day period. (B) Swelling analysis of manually cast gels over a 5 day period.
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Visual tracking of the 3D printed lattice disks in PBS over 28 days can be seen in Figure
3.8. Within 7 days the alginate only samples began to lose fidelity, while TiO, added gels were
clearly degrading. By day 28, the alginate samples were difficult to distinguish and the TiO;
samples had disintegrated further. The alginate + ZnO samples however remained intact

throughout the 28 days of observation.

i Alginate +  Alginate +  Alginate +
Alginate o 59 7n0 1% ZnO 1% TiO2

Figure 3.8: Images of samples in PBS visually tracked over time.
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3.5 Mechanical Behavior

Figure 6 shows both the 3D printed and manually cast gels to have predominantly elastic
behavior. Shear rheology was utilized to determine the storage and loss moduli of the samples
with varying NP concentrations. A significant increase of complex viscosity (p < 0.002), along
with storage and loss modulus (p < 0.003) was seen in bioprinted alginate + 1% ZnO structures
(Figure 3.9A, B), Manually cast gels displayed no significant difference among samples in
complex viscosity and storage and loss modulus (Figure 3.9C, D). All of the manually cast gels
show greater stiffness than their 3D printed counterparts, possibly indicative of stronger
crosslinking. On the other hand alginate + 1% TiO, seems to have no significant difference in

either complex viscosity or storage and loss modulus among printed or cast gels.
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Figure 3.9: Rheological Analysis. Quantification of complex viscosity and moduli measured at
1.99 Hz of 3D Printed gels (A,B) compared to cast gels (C,D).
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3.6 Humidity Retention

Figure 3.10A showcases the set up of the humidity monitoring system used to assess the
moisture retention of each gel type over six days. When compared to the alginate only scaffold,
alginate + 1% ZnO revealed significantly higher RH. A timeline showcasing 8-hour time points
(Figure 3.10B) illustrates the alginate + 0.5% ZnO and alginate + 1% ZnO to have prolonged RH
percentages with an observed difference of 11.73%. Similarly, 0.5% ZnO and 1% TiO;
demonstrated comparable trend lines, supported by within range critical values with an
observable difference of 2.49%. Quantitative analysis upon normal distribution of data, by the
Kruskal-Wallis and Post-Hoc Kruskal Multiple Components tests, showed an observed
difference of 31% between 1% ZnO and alginate, a difference of 25.59% between 0.5% ZnO and

alginate, and a difference of 23.10% between 1% TiO, and alginate.
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Figure 3.10: Moisture Retention Study. (A) Set up of humidity monitoring system with LCD
display of RH and temperature and petri dish encased gel sample. (B) Recorded RH
values displayed over 6 days in 8 hour intervals.
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3.7 Bacterial Inhibition

The Kirby Bauer test as shown by Figure 3.11 showed no discernible zone of bacterial
inhibition around the alginate and alginate + NP sample disks. The erythromycin disks however
showed an average kill zone of 2.9-3.1 cm diameter around the S. aureus and 1.0-1.1 cm around

the E. coli (Figure 3.11C,D).

S. aureus

24 hr

Figure 3.11: Kirby Bauer Disk Diffusion Test. (A,B) S. aureus and E. coli, respectively, streaked
TSA Blood Agar plates containing sample disks before incubation. (C,D) S. aureus
and E. coli plates, respectively, after 24 hours.

A bacterial broth test was set up to test the effects of both UV exposed and unexposed NP
laden gels on S. epidermidis (Figure 3.12A). As seen in Figure 3.12B, UV exposure
demonstrated a significant effect on the optical density at 600 nm (OD600). Both UV exposed

and unexposed groups indicate that the addition of ZnO leads to antibacterial activity similar to

that of the erythromycin control. Alternatively, the addition of TiO, proved to be similar to the
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alginate only control, with both showing much higher OD600 than the alginate + 0.5% ZnO,

alginate + 1% ZnO, and erythromycin samples.
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Figure 3.12: Antibacterial Testing. (A) Schematic of bacterial testing steps conducted on gels in
S. epidermidis bacterial broth. (B) Optical density at 600nm after 48 hours of gel
samples in S. epidermidis.

3.8 Fibroblast Compatibility

Microscopy and quantified results of cell viability are depicted in Figure 3.13. By way of
visual comparison, cells retained viability in all samples, though a higher number of dead cells
were existent in samples cultured in the presence of NP encapsulated alginate. Due to the
homogenous distribution in the data set, transformation to normality could not be achieved,
requiring independent assessment of each experimental group. This was achieved through Post-
Hoc confirmation of the Kruskal Multiple Components test. The percent cell viability showed no
significant difference (p > 0.05) between any gel samples and the control group with no gel
(Figure 3.13K). No significant difference across the five groups in this study revealed uniform
cell viability at 24 hr of culture. A slightly higher percentage of dead cells was observed in 0.5%
Zn0. As seen in Figure 8K, 1% ZnO (88.4%) and 1% TiO, (93.4%) had similar percentages

(5%) of live cells at identical concentrations.
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Figure 3.13: Cytocompatibility. Confocal Imaging of LIVE/DEAD Cell Viability Assay for
mammalian fibroblast cells cultured with the 3D printed disks in the same wells.
The images consisted of Calcein (A-E) and EtHD-1 (F-J) treated cells. Viability
was quantified after a 24-hr period as a LIVE/DEAD cell percentage (K) based on
particle analysis obtained through F1JI color threshold segmentation.
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Chapter 4: Discussion
4.1 NP Characterization

Multiple studies have been conducted proving the characteristics of NPs, including their
radical release and proposed mechanisms of action against bacteria. NPs are known to have
effective interaction with biomaterials if the particle size is less than or equal to 30 nm *. The
smaller the particles are, the larger their surface area to volume ratio. Here the particle size of the
ZnO NPs is approximately 5 nm, therefore increasing the surface area available for interaction
and use in medical applications *.

As the ZnO NPs used in this study were synthesized in our lab, it was particularly
essential to confirm their composition and characteristics, along with those of the commercially
obtained TiO, that was used as a comparison. XRD helped further confirm lack of impurity in
the samples.

The proposed mechanism for antibacterial defense by the NPs involves release of
hydroxyl radicals to invade bacterial cells and cause their death **. To ensure the occurrence of
this response the generation of hydroxyl radicals was confirmed by way of a terephthalic acid
assay. The fluorescence seen in the NPs in NaTA guaranteed the transformation of NaTA to the
fluorescent 2-hydroxyterephthalate in the presence of hydroxyl radicals 2.

4.2 NP Incorporated Gel Development

The prepared gel scaffolds had to be studied for morphological and mechanical properties
to determine whether they had the characteristics necessary for wound healing applications as
well. It should be noted that concentrations of 0.01-0.1% ZnO incorporation were also attempted,

but exhibited insufficient radical release in preliminary testing (data not shown) and higher
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concentrations of 5-10% showed poor mixability due to the low density of the synthesized ZnO
NPs, making for a poorly printable bioink.

The printed constructs exhibited more consistency with morphology and smaller pores
compared to the cast structures. This may have to do with degree of crosslinking of the samples.
The Surface Area to Volume ratio (SA:V) plays a significant role in the rate and density of
crosslinking a sample. At higher SA:V ratios, crosslinking was observed to take longer to
achieve complete gelation. The 3D Printed samples depict high SA and smaller V, while the
reverse was true for the cast samples, more likely to demonstrate a higher V and a relatively
similar SA.

Swelling studies showed a higher degree of swelling in the bioprinted gels, suggestive of
a more readily available swelling capability when samples are printed, most likely attributed to
its lattice structure *°. This structure allowed for better diffusion and uptake of the solvent. In the
process of wound healing, applying these characteristics will play an essential role in allowing
the diffusion of nutrients and controlling any flow of wound exudates or secretions.

Degradation comparisons of the structures exhibited signs of stability and enduring fidelity in the
3D printed structure. Previous studies have shown the benefits of 3D printed in general, as well
as the advantage of a lattice structure °. The combined effects of both calcium and zinc ions are
also thought to have strengthened the crosslinking, and therefore the mechanical properties of the
structure. Along with zinc’s binding site to alginate being different from that of calcium’s, zinc
ions are also less selective, presumably leading to the increased crosslinking of the alginate gels
in our study by the ZnO NPs %,

This was further supported by the rheology data showing the alginate + 1% to have higher

viscosity and storage and loss moduli indicating increased crosslinking effects when a higher
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dose of ZnO NPs was added to the alginate . The cast samples having higher stiffness than
those 3D printed is possibly due to the uncontrolled forming of gels onto a cast mold, resulting in
disks having increased mechanical properties. In addition, the manually cast gels were solid
throughout, resulting in their increased rigidity when compared to the bioprinted gels with a
lattice structure. Each of these results supported the utilization of 3D printing for the
manufacturing of these alginate-NP wound healing constructs.

The humidity sensor system results suggested a correlation between moisture retention
and the incorporation of a larger quantity of ZnO NPs, relevant to producing a moist
microenvironment favorable to healing wounds to further capitalize on the inherent properties of

alginate and diminish scar tissue formation .

4.3 Cell Studies

Initial bacterial testing using the Kirby Bauer method did not show promise. It is possible
that the gels were exposed to UV too long in advance before being placed on the bacteria, by
which time hydroxyl radicals were no longer being released. It is also possible that the sample’s
surface contact with the plates was insufficient for the transfer of radicals. The zone of
inhibitions shown by the erythromycin control disks served to be a proof of concept, while
signaling the need to try a new method for this particular experiment. Optimizing the experiment
proved to be fruitful as the bacterial broth test demonstrated bacterial growth inhibiting
performance due to the ZnO NPs sample along with the erythromycin disks. The contrasting
behavior by the TiO, samples could be attributed to their larger average size, as size is believed
to affect the ability of the NPs to invade bacterial cells %. The comparison of UV exposed and
unexposed gels also reinforced the proposed mechanism of photocatalytically activated hydroxyl

radicals leading to bacterial cell death . There was, however an indication of other effects at
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play as the ZnO scaffolds without UV exposure still showed some bacterial death. To isolate the
components of the scaffold to determine their individual effects, chemical chelation can be
explored in future studies. By sequestering Zn ions, a distinction could be made between the
effects of Zn ions compared to those of the ROS on the S. epidermidis. In the case of chronic
wounds, contamination by surrounding skin bacteria can occur within 48 hours . S.
epidermidis is a bacterium commonly found on the skin, making it a likely cause of infection and
primary target in this study 2%,

Studies have shown correlation of lower concentration of ZnO NPs to increased cell
viability *°. By showing no significant difference in cell viability among samples, the
implications of our study remain that the ZnO NPs toxicity lies below the threshold for
substantial cell damage. The higher percentage of dead cells seen in alginate + 0.5 % than in
alginate + 1% ZnO or TiO; indicates the influence of NP dispersion on cell viability. The cells
used, MITC-STO, were generated from mouse embryonic fibroblasts and treated with
Mitomycin C to inhibit replication. Fibroblasts are commonly found in the skin and an important
component in wound healing. Further studies with varying NP concentrations should be

considered to assess any correlation between cell death and concentration and better determine

the optimal balance between bacterial cell death and fibroblast cell proliferation.
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Chapter 5: Conclusion

This study sought to develop a hydrogel that confirms the antibacterial properties of ZnO NPs in
an effort to utilize 3D printing with such a material for increased healing in chronic wounds. The
easy to formulate gel was formed through manual casts and 3D printed scaffolds that were used
for their comparative characteristics. The study saw the use of compositional, mechanical, and
structural analyses to discover the behaviors of the gel as an agent for the ZnO NPs.
Furthermore, results involving in vitro studies demonstrate the potential our gel would have to
address chronic wounds in patients.

The NP composition and the formation of hydroxyl radicals by the combustion
synthesized ZnO was confirmed. In addition, the developed gels’ compositions were confirmed
to be of alginate and ZnO or TiO, NPs by SEM and XRD experiments. Swelling, degradation
and humidity studies showed the printed alginate + ZnO NP gels to have an enhanced structure
and retention of moisture suitable for wound healing.

The alginate and ZnO mixture demonstrated promise on biocompatibility as in vitro
testing using fibroblasts saw no significant damage to cells while broth optical density showed its
ability to kill bacteria. Across the board, this study gives insight into the ability to produce ZnO-
alginate gels capable of eliminating bacteria and allowing cell viability, all while being
structurally and mechanically durable to maintain a chronic wound.

5.1 Future work

Future work on this study could involve the incorporation of the ZnO NPs in various
printable bioink blends such as alginate-gelatin or alginate-collagen. This would allow us to

exploit the different properties of multiple hydrogel composites which have been studied for
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these applications . Doing so would allow for greater levels of material manipulation as the
optimal structure for healing of any tissue is sought.

Another possibility includes optimizing the Ca?* or Zn** ion crosslinking of alginate by
changing time of exposure and amount of crosslinker in order to determine the effect of varying
elastic modulus on cell proliferation during wound healing. Substrate stiffness has been shown to

have an effect on fibroblast proliferation

. Further effort should hence be placed into
understanding the physical forces that could potentially speed up the wound healing process.

A third suggestion that could be performed for the continuation of this study includes
further testing on a wider range of common wound pathogens adding bacteria such as
Pseudomonas aeruginosa, as well as Candida albicans for the exploration of antifungal

properties *2. Such studies would provide insight on the range of issues the Alginate-ZnO gel

mixture could help remedy, making our gel a more versatile product.
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